The immune system and non-coding RNAs {#sec0005}
=====================================

The immune system is equipped with an arsenal of strategies to combat infectious threats and maintain normal health. This is mediated by specialized immune cells dedicated to carrying out sophisticated and highly integrated functions of the innate and adaptive arms of the immune system. The development and activation state of immune cells is dependent on a tightly regulated and integrated gene-expression program controlled by well-established transcription factors and chromatin-modifying complexes. Our knowledge of the functional roles of proteins in the transcriptional and post-transcriptional regulation of gene expression is fairly well developed; however, we have only begun to appreciate the fundamental roles of regulatory RNAs in controlling all facets of gene expression.

Regulatory RNAs are non-protein-coding transcripts that mediate their functions strictly as RNA molecules [@bib0005]. Some of these, including small nuclear RNA (snRNA), small nucleolar RNA (snoRNA), ribosomal RNA (rRNA), and transfer RNA (tRNA), have been known for decades. They are important players in essential biological processes including chromatin/nuclear organization (snRNA and snoRNA), mRNA splicing (snRNA), ribosome biogenesis and assembly (rRNA), and translation (tRNA) [@bib0010]. The discovery of RNA interference (RNAi) mediated by siRNA and miRNA led to a new paradigm in gene regulation by demonstrating that short complementary RNAs can directly regulate target mRNAs [@bib0015], [@bib0020], [@bib0025]. More recently, a new class of regulatory RNAs known as lncRNAs has emerged as an additional layer of the circuitry controlling gene expression [@bib0030], [@bib0035]. Our understanding of the functional roles of lncRNAs in controlling gene expression is evolving, and is redefining our basic understanding of biology. In the immune system, lncRNAs exhibit dynamic expression in cell type-, developmental stage-, and context-specific manners to coordinate several aspects of immune function. We describe here our current knowledge of these RNAs in the immune system.

lncRNAs: dark matter of the genome takes the center stage {#sec0010}
=========================================================

One of the many unexpected surprises from the Encyclopedia of DNA Elements (ENCODE) consortium, founded in 2003, was that the vast majority of the mammalian genome is transcribed [@bib0040], [@bib0045]. According to the latest GENCODE version 19 ([http://www.gencodegenes.org](http://www.gencodegenes.org/){#intr0010}), it is estimated that only ∼2% of the mammalian genome is composed of genes that encode proteins, while the vast majority (75--90%) is transcribed as non-coding RNA [@bib0050], [@bib0055]. LncRNAs (13 870 in the human and 4074 in the mouse genome) account for most of this pervasive transcription ([Figure 1](#fig0005){ref-type="fig"} ). High-throughput transcriptome sequencing has led to the discovery of thousands of lncRNA genes, and these numbers are still growing [@bib0060], [@bib0065].Figure 1Long non-coding RNAs (lncRNAs) are the most abundant ncRNA species in the mammalian genome. **(A)** Pie charts showing the genome-wide distribution of protein- and non-coding genes in the human and mice genomes. Numbers shown are calculated from the GENCODE version 19 (July 2013 update; [http://www.gencodegenes.org](http://www.gencodegenes.org/){#intr0005}). **(B)** Classification of lncRNAs based on their genomic localization with respect to the neighboring protein-coding gene. LncRNAs in general are classified as non-overlapping (or the intergenic lncRNA; lincRNAs), or the overlapping lncRNAs, which include intronic and antisense (AS) lncRNAs. Intronic lncRNAs are transcribed within the intron of a protein-coding gene, and therefore do not contain sequences complementary to the mature, spliced mRNA of the protein-coding gene. Antisense lncRNA, however, contains region(s) of complementary sequences with the mature, spliced mRNA of the overlapping protein-coding gene. Examples of immune-related lncRNAs from the different lncRNA sub-classes are provided. Abbreviations: miRNA, micro-RNA; ncRNA, non-coding RNA; snRNA, small nuclear RNA; snoRNA, small nucleolar RNA.

In general, lncRNAs are defined as non protein-coding transcripts larger than 200 nucleotides. Inclusion of the size criterion is primarily employed to distinguish lncRNAs from smaller ncRNA species such as siRNA, miRNA, and others. The majority of lncRNAs share features of protein-coding mRNAs because they are capped, polyadenylated, and spliced [@bib0070], [@bib0075]. An important feature of lncRNAs is their lack of protein-coding capacity; however, as with any negative finding, it is difficult to prove the absence of encoded protein/peptide with absolute certainty. This aspect of lncRNA biology remains somewhat controversial [@bib0080], [@bib0085], [@bib0090]. Therefore, it is crucial that lncRNA functionality is strictly attributed to the RNA (and not to a potentially encoded protein). Computational approaches (prediction of open reading frames, codon-substitution frequency, and evolutionary conservation) as well as experimental approaches (*in vitro* transcription and translation, polysome association, and ribosome footprinting followed by RNA-seq) are routinely employed to address the protein-coding potential of lncRNAs [@bib0070], [@bib0075]. It is possible that some lncRNAs do produce small proteins (or peptides) which may mediate additional functions. Because the lncRNA field is rapidly evolving, a clear nomenclature for these RNAs is badly needed ([Figure 1](#fig0005){ref-type="fig"}). Commonly used terms, such as long intergenic non-coding RNAs (lincRNA), refer to lncRNAs that are strictly intergenic and do not overlap with known protein-coding genes. All other forms of lncRNAs are either transcribed within (e.g., intronic lncRNA), or exhibit some overlap with a known protein-coding gene (e.g., antisense lncRNA). Antisense (AS) lncRNAs are particularly interesting because they appear to be the major lncRNA subtype: it is estimated that up to 72% of murine genomic loci show evidence of transcription [@bib0095].

A growing body of evidence indicates that lncRNAs play an important role in the transcriptional and post-transcriptional regulation of gene expression in a variety of biological processes such as X-chromosome inactivation (Xist/Tsix) [@bib0100], [@bib0105], genomic imprinting (H19 and Air) [@bib0110], [@bib0115], stem cell pluripotency [@bib0120], development [@bib0125], cancer metastasis (HOTAIR) [@bib0130], and atherosclerosis (Anril) [@bib0135]. A functional role of lncRNAs has also started to emerge in controlling gene expression in the immune system. lncRNAs are widely expressed in immune cells including monocytes, macrophages, dendritic cells (DC), neutrophils, T cells, and B cells during their development, differentiation, and/or activation. However, the functions of these RNAs are only beginning to be characterized.

Expression and the role of lncRNAs in immune cell development {#sec0015}
=============================================================

An emerging theme in the biology of lncRNAs is their role in cell and tissue development [@bib0140]. This is highlighted by a large body of evidence indicating that lncRNAs play key roles during the development of erythrocytes [@bib0145], [@bib0150], adipocytes [@bib0155], cardiomyocytes [@bib0160], epidermal cells [@bib0165], and stem cells [@bib0120], among others. A recent study illustrates a similar functional role for lncRNAs in controlling the differentiation of human monocytes into dendritic cells (DC) [@bib0170]. DCs act as the primary antigen-presenting cells (APCs) for T cells and bridge the innate and adaptive arms of the immune system [@bib0175]. DCs come in two flavors: (i) conventional DCs (cDCs; also known as myeloid DCs), which function as APCs and producers of interleukin 12 (IL-12); and (ii) plasmacytoid DCs (pDCs) that produce abundant levels of type I interferon (IFN) following bacterial and viral infections [@bib0180]. To identify lncRNAs involved in DC maturation and function, the human transcriptome was profiled using RNA-seq at different stages of monocyte differentiation into DCs *in vitro* [@bib0170]. This approach identified a cohort of lncRNAs that were differentially expressed during the monocyte to DC transition. Detailed study of one of these RNAs, an intergenic lncRNA which the authors named lnc-DC, showed that it was expressed exclusively in DCs. Furthermore, lnc-DC was shown to be required for the differentiation of human monocytes into DCs *in vitro*, and played a similar role in mice. Expression of lnc-DC was driven by PU.1, a key transcription factor required for the DC maturation program [@bib0185]. In addition to controlling the maturation of DCs, lnc-DC also controls the expression of several DC genes including *CD40, CD80*, and *HLA-DR*. Therefore, lnc-DC controls the uptake of antigens by DCs, the subsequent induction of allogenic CD4^+^ T cell proliferation, and cytokine production [@bib0170]. Lnc-DC mediates these effects by binding the transcription factor STAT3 (signal transducer and activator of transcription 3) in the cytosol, preventing STAT3 binding to, and its dephosphorylation by, the tyrosine phosphatase SHP1 (Src homology region 2 domain-containing phosphatase-1). These events enhance STAT3 phosphorylation on tyrosine-705. The molecular action of lnc-DC in the cytosol appears to be analogous to another lncRNA, nuclear repressor of NFAT (NRON), that sequesters the transcription factor NFAT (nuclear factor of activated T cells) into an inactive RNA--protein scaffold in the cytosol of T cells [@bib0190]. Another interesting aspect of lnc-DC is its unique and abundant expression in cDC (around 100-fold higher than in pDCs or in any other immune cell type) suggesting that it can be utilized as a specific and sensitive marker of conventional DCs in the hematopoietic system.

*HOX antisense intergenic RNA myeloid 1* (*HOTAIRM1*) is encoded in the human *HOXA* gene cluster and is linked to the maturation of granulocytes [@bib0195]. *HOTAIRM1* expression is restricted to myeloid cells, and is upregulated during retinoic acid (RA)-induced granulocyte differentiation of promyelocytic NB4 leukemia, and normal human hematopoietic stem cells. Knockdown of HOTAIRM1 blunts RA-induced expression of neighboring genes *HOXA1* and *HOXA2* (but not distal *HOXA* genes) as well as myeloid differentiation-associated genes *CD11b* and *CD18*. Because *HOXA* genes are involved in the transcriptional regulation of normal hematopoiesis [@bib0200] and acute myeloid leukemia (AML) [@bib0205], [@bib0210], it has been proposed that HOTAIRM1 plays an important role in myelopoiesis by regulating *HOXA* gene expression in *cis*. Together, these studies illustrate the importance of lncRNAs in controlling the development of immune cells. It remains to be seen whether other immune cell types such as monocyte--macrophages, innate lymphoid cells (ILC), B cells, and T cell subsets (Th1, Th2, Th17, and Treg) also express lncRNAs that control their development.

Functional lncRNAs in the innate immune system {#sec0020}
==============================================

Innate immunity is the first line of defense against microbial pathogens. Recent studies collectively indicate that lncRNAs play important functional roles in innate immune cells such as phagocytes. Notably, the discovery of lincRNA-Cox2 [@bib0215], Lethe [@bib0220], PACER [@bib0225] and THRIL (TNFα regulating hnRNPL interacting lncRNA) [@bib0230] represent exciting examples of the growing list of lncRNAs that have been implicated in controlling gene expression in immune cells.

Transcriptome profiling (RNA-seq) in mouse bone marrow-derived macrophages (BMDM) led to the identification of 72 lncRNAs that were significantly upregulated in macrophages exposed to the synthetic bacterial lipoprotein Pam~3~CSK~4~, which signals via Toll-like receptor 2 (TLR2) [@bib0215]. One of most robustly induced lncRNAs, lincRNA-Cox2, was shown to act as a regulator of the TLR induced transcriptional program in macrophages. The gene for lincRNA-Cox2, earlier identified as an intergenic transcript in the catalog of lincRNAs reported by Guttman *et al.* [@bib0030], is located ∼51 kb from the 3′ end of the prostaglandin-endoperoxide synthase 2 (*Ptgs2*; *Cox2*) gene on the opposite strand of chromosome 1. LincRNA-Cox2 was highly induced by multiple inflammatory triggers, including TLR ligands \[lipopolysaccharide (LPS) and Pam~3~CSK~4~\] and microbial pathogens (*Listeria monocytogenes* and Sendai virus) by a pathway involving MyD88 (myeloid differentiation primary response gene 88) and the transcription factor NF-κB (nuclear factor κ light-chain-enhancer of activated B cells) [@bib0215]. Functionally, lincRNA-Cox2 appears to activate and repress expression of distinct classes of immune genes. In resting macrophages, lincRNA-Cox2 represses the expression of ∼700 genes including chemokines (*Ccl5* and *Cx3cl1*) and interferon-stimulated genes (ISG) (*Irf7, Isg15, Ifi204*, and *Oas2*), whereas it was required for the inducible expression of several other genes (*IL6, Tlr1*, and *IL23a*) turned on by the TLR2 pathway. lincRNA-Cox2 physically interacts with RNA-binding proteins (RBP) hnRNP-A2/B1 and hnRNP-A/B to mediate its repressive functions. Interestingly, these two hnRNPs are not involved in mediating the activating functions of this lincRNA, suggesting that additional lincRNA-Cox2 interacting protein(s) remain to be identified. How lincRNA-Cox2 contributes to TLR2-induced expression of *IL6* and other genes is currently unknown. Future in-depth studies in animals lacking lincRNA-Cox2 will shed light on the *in vivo* immune functions of this RNA.

The genomic locus containing *Ptgs2 (Cox2)* contains two known lncRNA genes (*lincRNA-Cox2*, and *Cox2-divergent* (*Ptgs2* opposite strand; *Ptgs2os*)) in mice [@bib0215], [@bib0220], and the recently described lncRNA gene *PACER* in humans [@bib0225]. The Cox2-divergent lncRNA is located at the 5′-end of *Ptgs2* (non-overlapping), and is transcribed from the opposite (negative) DNA strand [@bib0220]. Although functions of Cox2-divergent are unclear, it is highly induced in mouse embryonic fibroblasts (MEF) exposed to tumor necrosis factor α (TNFα), and LPS, in an NF-κB-independent manner [@bib0220]. The lncRNA PACER (p50-associated COX-2 extragenic RNA) is exclusively involved in controlling the expression of COX-2 in *cis* in human monocyte--macrophage cell lines, and primary human mammary epithelial cells [@bib0225]. PACER expression is regulated by the chromatin-boundary/insulator factor CCCTC-binding factor (CTCF), which establishes an open chromatin domain in the upstream region of *COX2* to promote PACER expression. In turn, PACER binds to the NF-κB homodimer p50/p50 (a transcriptional repressor complex) and titrates it away from the *COX2* promoter. These events then favor the recruitment of the active NF-κB heterodimer p65/p50, which promotes the assembly of the transcription preinitiation complex containing histone acetyltransferase p300 and RNA polymerase II at the *COX2* promoter. Therefore, PACER appears to function by occluding the repressor complex (p50/p50) to facilitate the expression of *Ptgs2/COX2*. This is remarkably similar to the lincRNA Jpx, which activates the expression of *Xist* during the initiation of X-chromosome inactivation by evicting CTCF from the *Xist* promoter [@bib0235].

Lethe, a functional pseudogene (Rps15a-ps4) lncRNA, is also highly inducible in MEFs treated with the NF-κB-activating inflammatory triggers TNFα and IL-1β [@bib0220]. Lethe expression is also induced in response to the anti-inflammatory glucocorticoid receptor agonist, dexamethasone [@bib0220]. Lethe attenuates the NF-κB-dependent inflammatory response in MEFs by physically binding to p65 (RelA), which inhibits RelA occupancy at the promoter of target genes, including *IL6, IL8*, and superoxide dismutase 2 (*SOD2)* [@bib0220]. Consistent with this model, Lethe is primarily localized to chromatin. Interestingly, Lethe expression in the spleen of aged mice is markedly lower (20--50-fold) than in young mice, suggesting a functional link between decreased Lethe expression and enhanced NF-κB signaling associated with ageing [@bib0220]. Lethe therefore functions as a feedback regulator of the NF-κB signaling pathway to control the inflammatory response. In addition, Lethe has provided the first evidence for the existence of a functional pseudogene lncRNA, raising the possibility that many more currently annotated pseudogenes in the mammalian genome could in fact be functional (lncRNA) genes.

THRIL is another immune-related lncRNA, which primarily controls the expression of TNFα in the human monocyte-like THP-1 cell line [@bib0230]. THRIL was identified as one of 159 lincRNAs that were differentially expressed (80% down, 20% up) in Pam~3~CSK~4~-treated THP-1 cells [@bib0230]. Lentiviral short hairpin RNA (shRNA)-mediated knockdown of a pool of nine lincRNAs including THRIL resulted in impaired TNFα and/or IL-6 production, suggesting that several TLR2-induced lincRNAs could cooperate to regulate inflammatory responses in human monocytes [@bib0230]. RNA-seq following shRNA-silencing of THRIL expression in THP-1 cells revealed differential expression of 319 genes in response to Pam~3~CSK~4~, indicating that THRIL regulates a broad panel of immune genes [@bib0230]. THRIL interacts with hnRNPL to control TNFα expression, and both THRIL and hnRNPL localize to the *TNFA* promoter [@bib0230]. Because the expression of THRIL is inhibited by TNFα, it appears to act as a negative feedback regulator of TNFα expression in human monocytes. THRIL expression is significantly reduced during the acute stage of the inflammation-associated Kawasaki disease [@bib0230]; the biological significance of this disease association however remains unclear.

More recently, the nuclear enriched abundant transcript 1 (NEAT1), a key player controlling the formation of heterochromatin structures known as 'paraspeckles' [@bib0240], has been linked to the expression of the cytokine IL-8 in human cell lines following viral infections (HSV-1 and influenza A virus), or TLR3-activation by dsRNA [@bib0245]. NEAT1 relocates the repressor SFPQ (splicing factor proline glutamine-rich), a NEAT1-binding paraspeckle protein, from the *IL8* promoter to the nuclear paraspeckle body, to mediate *IL8* transcription [@bib0245]. In addition, NEAT1 also regulates HIV-1 by promoting the export of HIV-1 mRNA from the nucleus to the cytoplasm [@bib0250]. Collectively, these studies highlight the emergence of lncRNAs as an important regulatory layer in controlling gene expression in innate immunity.

lncRNAs in adaptive immunity {#sec0025}
============================

Lymphocytes (T and B cells) are the primary cellular mediators of the adaptive immune system. There is now clear evidence that lymphocytes express many lncRNAs, and that these play crucial roles in development, lineage-specific differentiation, and activation. Two lncRNAs expressed in T cells, NTT (non-coding transcript in CD4^+^ T cells) [@bib0255] and NRON [@bib0260], represent the earliest lncRNA genes identified in immune cells. NTT is a 17 kb polyadenylated, unspliced intergenic transcript localized to the nucleus. NTT is primarily expressed in activated human CD4^+^ T cells; however, its function remains to be defined. A potential functional link between NTT and the IFN-γ receptor *(IFNGR)* gene is one aspect that warrants further investigation because these genes share the same genomic locus (6q23--q24), and they exhibit similar spatiotemporal expression during T cell activation [@bib0255].

NRON, an intronic lncRNA, was identified in human T cells as a result of an shRNA screen exploring the role of 512 evolutionarily conserved ncRNAs that were known at the time [@bib0260]. NRON was found to regulate NFAT, a Ca^2+^-activated transcription factor, and modulate the expression of IL-2 in activated T cells. NRON interferes with the nuclear transport of NFAT (and not the transcriptional activity) by interacting with members of the importin-β superfamily, (including the nuclear transport factor KPNB1) [@bib0260] which promote the nucleocytoplasmic transport of cargos such as NFAT [@bib0265]. Subsequent studies however have shown that NRON acts as a structural scaffold lncRNA to sequester inactive, phosphorylated NFAT into a large cytosolic protein--RNA complex containing NFAT, IQGAP (IQ motif-containing GTPase activating protein), and several NFAT kinases [@bib0190]. Additional studies are needed to reconcile these seemingly disparate modes of NRON-mediated control of NFAT responses. Nonetheless, NRON appears to play a crucial function in controlling NFAT-dependent IL-2 expression in T cells. NRON expression is enriched in lymphoid tissue, consistent with its roles in modulating NFAT activity in T cells [@bib0260].

The first systematic study aimed at profiling the lncRNA transcriptome in CD8^+^ T cells was performed by Pang *et al.* and led to the identification of hundreds of lncRNAs in the mouse genome, many of which were lymphoid cell specific and differentially expressed in naïve, memory, or effector CD8^+^ T cells [@bib0005]. More recently, genome-wide transcriptional profiling of murine T cells has identified 1524 lincRNA gene clusters across a panel of T cell subsets, from early progenitors to terminally differentiated helper T cells [@bib0270]. These lincRNAs exhibited dynamic, cell- and activation state-specific expression. During CD4^+^ T cell differentiation into T~h~1 and T~h~2 cells, expression of lincRNAs in these T cell subsets was driven by the T cell lineage-specific transcription factors, T-bet and Stat4 for T~h~1 cells, and Stat6 and Gata3 for T~h~2 cells. One T~h~2-specific lincRNA, *lincR-Ccr2-5*′*AS*, is located upstream of the chemokine receptor *Ccr2* gene, and is transcribed in the antisense (AS) direction [@bib0270]. LincR-Ccr2-5′AS, together with Gata3, controls the expression of immune genes in T~h~2 cells. This lincRNA also controls the migration of T~h~2 cells to the lungs *in vivo*, presumably by controlling the expression of several chemokine receptor genes (*Ccr1, Ccr3, Ccr2*, and *Ccr5*), which are all located in the same genomic locus as *lincR-Ccr2-5*′*AS* [@bib0270]. The molecular details of how lincR-Ccr2-5′AS mediates the expression of these genes remains unclear. In addition, many other lincRNAs are also specifically expressed in each of the CD4^+^ T cell subsets: naïve cells (79), T~h~1 (101), T~h~2 (63), T~h~17 (27), and induced regulatory T cells (iTreg) (37) [@bib0270]. However, what fraction of these lincRNAs are functionally linked to T cell development, as well as their effector functions, remain to be investigated. Another lincRNA expressed in human T cells, GAS5 (growth arrest-specific transcript 5), has been linked to cell cycle arrest in response to either nutrient deprivation or exposure to the mammalian target of rapamycin (mTOR) antagonist [@bib0275], [@bib0280], [@bib0285].

B cells, mediators of the antibody-dependent humoral arm of the adaptive immunity, also express lncRNAs. The antisense lncRNA Fas-AS1 (FAS antisense transcript 1) tightly controls the production of soluble Fas receptor (sFas), which binds Fas ligand to regulate Fas-induced apoptosis in B cell lymphomas [@bib0290]. Fas-AS1 binds to the splicing factor RBM5 to inhibit RBM5-mediated alternative skipping of the exon 6 of Fas (also known as CD95; TNFRSF6), which is required to generate the sFas mRNA. Because serum sFas levels are associated with poor prognosis in non-Hodgkin\'s lymphoma [@bib0295], the Fas-AS1 lncRNA is a potential therapeutic target in this setting. In addition, widespread antisense intergenic transcription has been shown to occur in the variable (V) region of the immunoglobulin heavy chain (Igh) locus in B cells, which is potentially linked to chromatin remodeling associated with V(D)J recombination involved in the production of the diverse repertoire of antigenic receptors in developing B cells [@bib0300], [@bib0305]. Whether lncRNAs also play a role in the maturation and effector function of B cells remains an open question. Collectively, however, these studies demonstrate that immune cells express a vast repertoire of lncRNAs, many of which are expected to play key roles in the host immune response.

Role of lncRNAs in host defense against microbial infection {#sec0030}
===========================================================

A functional role for lncRNAs in controlling the host immune response during microbial infection has also emerged. This is best highlighted by the discovery of a lincRNA termed NeST [@bib0310] (originally identified as *Tmevpg1* [@bib0315]), a candidate gene controlling the persistence of Theiler\'s virus in the central nervous system in mice. In a recent study employing inter-crosses between susceptible SJL/J mice (these mice express NeST, develop persistent Theiler\'s virus infection, and clear *Salmonella* infection), and the resistant B10.S strain (lack NeST expression, clear Theiler\'s virus infection, and succumb to *Salmonella* infection), as well as through the generation of B10.S mice expressing a *NeST* transgene, Gomez *et al.* have provided compelling genetic evidence that NeST is the host factor responsible for the persistence of Theiler\'s virus as well as for the clearance of *Salmonella* infection in mice [@bib0310]. *Nest* is positioned near, and convergently transcribed to the *Ifng* gene. NeST is selectively expressed in CD4^+^ T~h~1 (but not T~h~2) cells, CD8^+^ T cells and natural killer (NK) cells [@bib0310], [@bib0315], [@bib0320]. The transcription factors T-bet and Stat4, which are known to drive naive CD4^+^ T cell differentiation into T~h~1 cells, control the expression of NeST [@bib0320]. NeST binds to WDR5 (WD repeat-containing protein 5), a component of the histone methyltransferase complex, to mediate histone 3 lysine 4 trimethylation (H3K4me3) at the *Ifng* promoter to promote IFN-γ expression in CD8^+^ T cells [@bib0310]. Because *Nest* and *Ifng* are located in the same genomic locus, NeST is thought to act in *cis* as an enhancer RNA to promote *Ifng* expression. NeST alone, however, is not sufficient to drive *Ifng* expression because it works cooperatively with the transcription factor T-bet [@bib0320]. It is noteworthy that NeST, which is expressed at very low levels (∼0.15 copies per cell) in CD8^+^ T cells, mediates such profound effects upon IFN-γ production. The crucial role of NeST in determining the host susceptibility to an infectious disease further highlights the importance of lncRNA genes in the immune system. Hundreds of lncRNAs are also expressed *in vivo* following infection with coronavirus (the causative agent of acute respiratory syndrome) or influenza virus [@bib0325]. The functional importance of these virus-induced lncRNAs, however, is presently unknown.

In addition to host-encoded lncRNAs, several microbial species also express lncRNAs, which in some cases subvert host immunity [@bib0330]. Several studies have highlighted a functional role for a non-coding polyadenylated nuclear (PAN) RNA encoded in the Kaposi\'s sarcoma-associated herpesvirus (KSHV) genome [@bib0335]. The KSHV PAN lncRNA facilitates the conversion of latent to lytic (active) infection, presumably by regulating the dissociation of LANA (latency associated nuclear antigen) from the KSHV genome [@bib0340]. In addition, the PAN lncRNA recruits the demethylase JMJD3 and UTX to epigenetically repressed regions of the KSHV genome to enhance viral genome expression [@bib0345]. The KSHV PAN lncRNA also suppresses antiviral host factors including IFN-α, IFN-γ, and RNase L through its interaction with the polycomb repressive complex 2 (PRC2) to subvert host immunity and promote viral replication in infected cells [@bib0335], [@bib0350]. Similarly, the herpes virus encodes *HSUR1* and *HSUR2* (*herpesvirus saimiri U-rich ncRNAs*) that target host miRNAs miR-27 and miR-16, respectively, to alter the expression of miRNA-regulated genes [@bib0355]. Another example of a viral lncRNA is the HIV-1 encoded antisense lncRNA (localizing to the viral 5′-long terminal repeat promoter), which suppresses viral transcription through the endogenous RNA-directed epigenetic pathway involving DNA methyltransferase 3a (Dnmt3a), histone deacetylase 1 (HDAC1), and the PRC2 complex protein EZH2 [@bib0360]. *Plasmodium falciparum*, the causative agent of fatal cerebral malaria, also encodes ∼60 putative lncRNAs including the lncRNA-TARE (telomere-associated repeat elements) family of 22 telomere-associated lncRNAs [@bib0365]. It remains to be determined whether *P. falciparum*-encoded lncRNA-TAREs are involved in telomere maintenance, and/or gene expression in the parasite. Collectively, these studies indicate that lncRNAs lie at the heart of host--pathogen interactions.

How do lncRNAs work? {#sec0035}
====================

Our knowledge of the molecular functions of lncRNAs is expanding rapidly. A detailed review of how lncRNAs act is provided in several excellent recent reviews [@bib0035], [@bib0075]. A fascinating aspect of lncRNA biology is their versatility; work on several fronts provides compelling evidence that lncRNAs regulate gene expression by targeting either the production, splicing, decay, or translation of target mRNAs [@bib0070], [@bib0075]. Biochemically, lncRNAs employ RNA--RNA, RNA--DNA, and/or RNA--protein interactions to exert their activities ([Figure 2](#fig0010){ref-type="fig"} ). Such interactions have been known for decades for RNA--protein (RNP) complexes, wherein snRNAs interact with RNA-binding proteins (RBP) to assemble the functional RNP complexes involved in pre-mRNA processing and chromatin organization [@bib0370]. The mechanism(s) employed by lncRNAs differ depending on their cytosolic or the nuclear location ([Figure 2](#fig0010){ref-type="fig"}). In the cytosol, lncRNAs directly interact with target mRNAs (or miRNAs) to control their expression or to regulate mRNA translation. For example, an antisense lncRNA to *Uchl1*, a gene involved in brain function and neurodegenerative diseases [@bib0375], enhances Uchl1 mRNA translation by promoting its association with polysomes [@bib0380], whereas lincRNA-p21 represses the translation of complementary mRNAs [@bib0385]. The muscle-specific lincRNA, linc-MD1, governs muscle differentiation by acting as a competing endogenous lncRNA (ceRNA) in mouse and human myoblasts to 'sponge' miR-133, thereby regulating the expression of genes involved in muscle differentiation [@bib0390]. In addition, cytosolic lncRNAs can interact with specific signaling proteins. For example, lnc-DC and NRON interact with Stat3 and NFAT, respectively, to regulate pathway-specific gene expression programs [@bib0170], [@bib0260].Figure 2Long non-coding RNAs (lncRNAs) are versatile regulators of gene expression. lncRNAs employ three basic modules, RNA--RNA, RNA--protein and RNA--DNA interactions, to exert their functions either in the cytosol **(A,B)** or the nucleus **(C--E)**. **(A)** In the cytosol lncRNAs interact with target mRNAs through base-pairing to either enhance translation (e.g., Uchl1 AS), or repress translation (e.g., lincRNA-p21). In addition, cytosolic lncRNAs are also known to regulate mRNA stability. For example, the lncRNA termed ½-Staufen binding site (sbs) RNA forms an RNA duplex with mRNAs containing partial complementarity in the 3′-untranslated region (UTR) to promote Staufen 1 binding, which drives Staufen-mediated mRNA degradation. (B) Cytosolic lncRNAs are also known to regulate immune signaling pathways through RNA--protein interactions. NRON and lnc-DC act as a scaffold for the transcription factors NFAT and Stat3, respectively, regulating phosphorylation status and thereby the expression of target genes in immune cells. **(C--E)** In the nucleus, lncRNAs function by acting as a guide (C, NeST; THRIL), decoy (D, Lethe), or scaffold (E, lincRNA-Cox2) to interact with specific protein(s) to silence gene expression. Abbreviations: hnRNP, heterogeneous ribonucleoprotein; IQGAP, IQ motif-containing GTPase activating protein; MD1, muscle differentiation 1; NFAT, nuclear factor of activated T cells; NRON, non-coding repressor of NFAT; THRIL, TNFα and hnRNPL related immunoregulatory lincRNA; Uchl1, ubiquitin carboxy-terminal hydrolase L1; WDR5, WD repeat-containing protein 5.

By contrast, nucleus-localized lncRNAs largely function by modulating epigenetic processes to alter gene expression by acting as a guide, decoy, or scaffold ([Figure 2](#fig0010){ref-type="fig"}). Many nuclear lncRNAs function by localizing to their genomic targets through either RNA:DNA interactions or by employing specific protein(s). The list of lncRNA-interacting proteins is ever growing, and includes hnRNPs such as hnRNP-K for lincRNA-p21 [@bib0395], hnRNP-A/B and -A2/B1 for lincRNA-Cox2 [@bib0215], and hnRNPL for THRIL [@bib0230]; transcription factors CTCF for Jpx [@bib0235], NF-κB p65 (RelA) for Lethe [@bib0220], and NF-κB p50 for PACER [@bib0225]; and components of the epigenetic machinery including WDR5 for NeST [@bib0310], and PRC2 for HOTAIR [@bib0130], [@bib0400]. The PRC2 complex is particularly interesting because it binds to many lncRNAs [@bib0405] and mediates the repressive histone mark H3K27me3. Whether PRC2--lncRNA interactions exhibit specificity is somewhat unclear because recent studies have shown that PRC2 binding to RNAs is promiscuous, and shows no specificity towards either the type (mRNAs or ncRNAs) or the RNA length (mature versus nascent transcripts) [@bib0410], [@bib0415]. Therefore, the precise role of PRC2 in lncRNA function needs to be examined more closely. Together, these studies highlight the ability of lncRNAs to control gene expression through diverse mechanisms. The discovery of these RNAs is leading to a paradigm shift in our understanding of epigenetics and gene regulation.

Role of lncRNAs in human diseases {#sec0040}
=================================

It has recently become clear that only ∼7% of disease-associated single-nucleotide polymorphisms (SNPs) identified in genome-wide association studies (GWAS) lie in protein-coding genes [@bib0040]. The majority of GWAS SNPs, however, are localized to regulatory regions of the genome, including regulatory elements (e.g., enhancers) and intergenic regions of the genome (which are rich in lncRNAs) [@bib0420]. Thus, genetic variations could affect the expression and/or function of lncRNAs, and have far-reaching implications for human diseases. Altered expression of lncRNAs has been noted for several immune-related diseases including inflammatory bowel disease (IBD), diabetes, and multiple sclerosis [@bib0425]. An immediate challenge, however, is to define the functional roles of these lncRNAs in the context of disease pathophysiology. Whether aberrant expression of lncRNAs plays a causal role or whether they are a mere consequence of disease pathology remains an open question.

Concluding remarks and future perspectives {#sec0045}
==========================================

Tremendous progress in recent years has provided clear evidence that the majority of the mammalian genome is transcribed. Although we are beginning to appreciate the functional roles of these RNAs, it remains to be seen what fraction of the mammalian transcriptome is functional. The emergence of lncRNAs as key regulators of gene expression has provided an additional layer of regulation in immunity. Studies on lncRNA biology in the past few years have vastly changed our very basic knowledge about how genes are regulated. In the immune system, lncRNAs play important roles in immune cell development, lineage differentiation, and effector function. Future studies will undoubtedly unveil additional and exciting new insights into lncRNA biology ([Box 1](#tb0005){ref-type="boxed-text"} ). Defining the *in vivo* functions of immune-related lncRNAs in animal models is one exciting area for future studies. The application of recently developed genome-wide, high-resolution technologies such as chromatin isolation by RNA purification (ChiRP) [@bib0430] and RNA antisense purification (RAP) [@bib0435] will uncover mechanistic details of how lncRNAs regulate chromatin structure and gene expression. Given the rapid pace of research in the field of lncRNAs, we are certain that many more surprises and novel concepts will emerge in the coming years.Box 1Outstanding questions•What roles do lncRNAs play in the development of the immune system?•What are the in vivo functions of immune-related lncRNAs?•What are the rules governing specificity of lncRNA--protein complexes?•What are the structural determinants of lncRNA function?•Are lncRNA functions evolutionarily conserved?•What factors drive the (low) expression of lncRNAs? Do lncRNAs exhibit heterogeneous expression?•What are the functional consequences of disease-associated SNPs localized to lncRNAs?
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